Introduction
Reducing the weight of the automobile body while maintaining sufficient safety by using high strength steel sheet is an important concern of automakers from the viewpoint of both fuel efficiency and crash worthiness. 1) When the high strength steel sheet is applied to automobile parts, high ductility is demanded to enable the press forming for complex shape of parts.
The concept of advanced high strength steel sheets (AHSS) such as DP (Dual Phase) 2) and TRIP (Transformation Induced Plasticity) 3) steel sheets were developed and 980 and 1 180 TS grade steels have been progressively applied to body parts to satisfy these requirements recently. [4] [5] [6] [7] However since the combination of tensile strength (TS) and total elongation (T-El) of these steels is limited to about TSxT-El = 20 000 MPa·%, the development of high strength steel sheet with higher El has been strongly demanded. Recently, steel sheet with much higher El has been focused on as the third generation AHSS. Q&P (Quench & Partitioning) steel 8) and medium Mn steel [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] are promising candidates for the third generation AHSS. In
Effect of Microstructure before Intercritical Annealing on Mechanical Properties of 5% Mn Steel
Hirokazu NATSUMEDA, 1) * Amane KITAHARA 2) and Shunichi HASHIMOTO 2) 1) Kakogawa Laboratories, Kobelco Research Institute, Inc., 1 Kanazawa Cho, Kakogawa, Hyogo, 675-0137 Japan.
2) Material Solution Division, Kobelco Research Institute, Inc., 1-5-5 Takatsukadai, Nishiku, Kobe, Hyogo, 651-2271 Japan.
(Received on November 22, 2016 ; accepted on January 26, 2017 ; originally published in Tetsu-toHagané, Vol. 102, 2016, No. 9, pp. 525-533) Recently, 5% Mn steel has been focused on as one of the promising candidates for third generation AHSS by showing an excellent TS (Tensile Strength)-El (Elongation) relationship. The excellent TS-El relationship is brought about by a large volume fraction of retained austenite through the enrichment of austenite stabilizing elements such as C and Mn in retained austenite. The effect of the microstructure of mother hot band on the changes in microstructure and mechanical properties was compared with the intercritical annealing time in this study. The steel containing about 10% of retained austenite in a mother hot band exhibited a higher volume fraction of retained austenite and higher strength after intercritical annealing. On the other hand, the steel which did not contain retained austenite in a mother hot band exhibited excellent TS-El combination. The difference of work hardening behavior in these steels was analyzed and thought to be brought about by the difference of transformation behavior during deformation determined by the stability of retained austenite affected by Mn concentration. Although the precipitation of cementite was intended to effectively act as a nucleus of reverted austenite formation and to accelerate its formation, this affirmative result was not obtained. Since the volume fraction of cementite in a short annealing time is nearly the same in all hot rolling conditions, the higher volume fraction in hot band did not act to increase retained austenite during intercritical annealing.
KEY WORDS: TRIP; advanced high strength steel sheet; AHSS; retained austenite; medium Mn; stability of austenite; transformation.
this investigation, medium Mn steel is focused on, because an excellent TS-El relationship is expected due to a large volume of retained austenite.
Medium Mn steel can retain a lot of austenite by reheating to an (α + γ) intercritical temperature through the enrichment of austenite stabilizing elements such as C and Mn in reverted austenite. It is reported that an excellent TS-El relationship is achieved by the TRIP effect of the large volume fraction of retained austenite. Research on this material has been performed for hot rolled sheet [9] [10] [11] [12] [13] [14] [15] [16] and cold rolled sheet. 17, 18) The stress-strain curve of these steels is different because of the difference of the microstructure. Hot rolling and intercritical annealed steel shows a lamellar type structure of annealed martensite and austenite and continuous yielding behavior, while cold rolling and intercritical annealed steel shows ultrafine equiaxised microstructure and several percent of yield point elongation. Although a lot of papers on medium Mn steel have been published, the effect of microstructure on the mechanical properties and its mechanism before intercritical annealing has not been thoroughly discussed. Thus the effect of the microstructure of the mother hot band on the changes in microstructural and mechanical properties as compared with the intercritical annealing time was investigated. In addition, the mechanism for the excellent TS-El relationship of this steel is discussed through an analysis of the stability of retained austenite.
Experimental Procedure
The steel used in this study was 0.2C-2Si-5Mn (mass%) steel with the chemical composition shown in Table 1 . 50 kg steel was melted in a vacuum atmosphere. The ingot was hot forged to 50 mm square and rough hot rolled into 30 mm in thickness, followed by finish hot rolling to 3.0 mm. The reheating temperature (RT) and finishing hot rolling temperature (FT) was 1 200°C and 870°C respectively. In order to change the conditions of hot rolled sheets, three kinds of cooling and reheating conditions, as shown in Fig.  1 , were carried out. The aim of Condition I was to obtain a martensitc microstructure by rapid cooling of 95°C/s to room temperature from finish rolling. The aim of condition II was to obtain a bainitic microstructure by keeping the sheet at 360°C for 60 min (CT) after hot rolling. The steel of condition II was reheated to 575°C for 60 min to shed light on the effectiveness of cementite as a nucleolus of reverted austenite and designated as condition III. These hot rolled sheets were heat treated in a salt bath and air cooled to room temperature. The heat treatment was conducted at 675°C for 1 min to 100 min, the temperature at which the equivalent ferrite and austenite ratio is 1:1. The software to calculate the equilibrium phase fraction was Thermo-Calc. (Data base; TCFE6).
Tensile tests were carried out using JIS No. 14B specimens taken in the longitudinal direction and ground to 2 mm in thickness. The gauge length and width of the tensile specimen were 20 mm and 7 mm respectively. The tensile rate was 4 mm/min. The engineering stress-strain curve was measured by an extensometer with a GL of 12.5 mm.
The microstructure and retained austenite were evaluated by FE-SEM (Field Emission-Scanning Electron Microscope). FE-SEM/EBSD:OIM system (Electron Back Scattering Diffraction: Orientation Imaging Microscopy system), TEM (Transmission Electron Microscope). Mn and Si partitioning behavior was studied by Cs-STEM/EDX (Corrector Spherical aberration-Scanning TEM/Energy Dispersive X-ray Spectroscopy). The volume fraction of retained austenite, the carbon concentration in retained austenite (C γ ) and the volume fraction of carbide were quantified by SR-XRD (Synchrotron Radiation-X Ray Diffraction). 19, 20) Specimens were electro-polished to 0.3 mmϕ after an electric discharge cutting to 0.5 mmϕ × 30 mm. BL19B2 in SPring-8 with 35keV input energy and a Debye-Scherrer Camera were used for X-ray transmission diffraction. The volume fraction of retained austenite and carbide were measured from the integration of the intensities of the scattering 2θ angle from 5 degrees to 58 degrees. The scattering 2θ angle covers from (110) to (730) for α phase, from (111) to (931) for γ phases and from (121) to (334) for carbide, Fe3C. C γ was estimated by substituting the lattice constant a γ measured by SR-XRD into the following Eq. (1) where %Mn γ and %N γ represent the concentrations of the respective individual elements (mass%). For convenience, the amounts of the added alloying elements were used for these elements in this study. In order to analyze the transformational behavior of retained austenite measured against tensile strain, tensile strain within the range of uniform elongation was given for small tensile specimens (t = 1, w = 5, GL = 12.5). The specimen for SR-XRD was cut from the strained specimens and the volume fraction of retained austenite was measured according to the above mentioned XRD measurement procedure.
Experimental Results

Microstructure Evolution of Hot Band and Inter-
critical Annealed Steel Sheet SEM images of hot bands of condition I through III are shown in Fig. 2 . The microstructure of condition I was lath martensitic structure. The microstructure of condition II was bainitic structure, which was brought about by coiling simulation at bainite transformation temperature range. Many fine cementites were observed at the bainite lath boundary in condition III.
Since the classification of retained austenite in matrix was not clear by SEM images, FE-SEM/EBSD observation was carried out. As the representative example of intercritical annealed sheets, EBSD IPF maps annealed at 675°C for 30 min are shown in Fig. 3 . All of the intercritical annealed structure, as shown in Fig. 3 , exhibited a lamellar type structure of annealed martensite and retained austenite in all of hot rolling conditions. Nearly the same crystallographic orientated retained austenite was existed in one prior austenite grain. The volume fraction of the retained austenite obtained in Fig. 3 was approximately 25%. This value is smaller than the result evaluated by SR-XRD, mentioned later. The discrepancy comes from the difference of penetration depth between EBSD and SR-XRD. The penetration depth of the electron beam in the EBSD is ~10 nm, while a transmitted value of 0.3 mmϕ was measured in the case of SR-XRD. Akamizu et al reported that the retained austenite near the surface decreases for the following reasons: (1) transformation to martensite by the polishing strain, (2) the loss of space constraint by surrounding grains. 22) The difference of volume fraction in both methods must be due to the above mentioned reasons. , retained austenite whose width and length are approximately 150 and 500 nm was located at the lath boundary. As shown in Fig. 4(c) , enrichment of Mn was recognized in retained austenite identified by a TEM dark field image. The distribution of Mn and Si along the line perpendicular to retained austenite and annealed martensite is shown in Fig. 4(d) . The Mn content in the Mnrich and -lean region is 8-10% and 2% respectively, while the ferrite former element, Si, showed the reverse behavior. Through these observations it was confirmed that retained austenite contains as high as 10% enriched Mn and a lower amount of Si than added content of 2%.
Precipitation Behavior of Cementite
Effects of hot rolling conditions and intercritical annealing times on the cementite precipitation behavior are shown in Fig. 5 . The volume fraction of cementite of hot band for conditions I and II were smaller than the analyzed limit, while in condition III, it was 2.3 vol.%. About 3% of cementite were observed in a short annealing time, which decreases gradually with increasing annealing time.
Volume Fraction of Retained Austenite
Effects of hot rolling conditions and intercritical annealing time on the changes of volume fraction of retained austenite are shown in Fig. 6 . As far as hot bands are concerned, the volume fraction of retained austenite of conditions I was 2.5%, while in condition II, it was 11.7%.
The volume fraction of retained austenite increased with annealing time. The maximum volume fraction of retained austenite was obtained for the longest annealing time, 100 min, in all hot rolling conditions. Condition II exhibited a higher volume fraction than conditions I and III. The higher volume fraction of retained austenite in condition II is thought to be obtained by the higher volume fraction in its hot band. As mentioned exactly in 4.3, grain size of retained austenite of ConditionII was larger than it of ConditionI. Although in condition III, it was intended that cementite effectively act as the nucleus of reverted austenite formation and accelerate its formation, this affirmative result was not obtained. Since the volume fraction of cementite in a short annealing time is nearly the same as in all hot rolling conditions, the higher volume fraction of cementite in condition III in its hot band did not act to increase retained austenite during intercritical annealing.
Tensile Properties
The mechanical properties of hot bands are listed in Table 2 . The highest TS, 1 855 MPa, was obtained for condition I and then, 1 617 MPa for condition II, which are reflected the microstructure, martensite or bainite. Condition III, which was tempered at 575°C, showed the lowest value at 1 064 MPa. Their YS were 1 269 MPa, 914 MPa, and 859 MPa for conditions I through III. TSxEl as an index of the strength-elongation relationship was the highest in condition II due to the highest volume fraction of retained austenite. As for the yield ratio (YR = YS/TS), condition I showed a low value of 0.68, and condition II showed a lower value of 0.57. These results are thought to originate in the microstructure, that is, martensite in condition I and the existence of retained austenite in condition II. Condition III showed the highest value, 0.81, which is brought about by the tempering. Figure 7 shows the effects of hot rolling conditions and intercritical annealing time on tensile properties. The tensile properties of conditions I, III and II are clearly different. TS increased with an increase in annealing time longer than 10 min. Condition II showed higher TS in all annealing times. YS of conditions I and III decreases with an increase in annealing time. While condition II showed a low YS, 650 MPa, from a short annealing time. YR was as high as 0.8 in short annealing times for conditions I and III and decreased to 0.6 with an increase in annealing time. In contrast, condition II showed a low YR of 0.6 from a short annealing time. Total elongation (T-El) and uniform elongation (U-El) increased with an increase in annealing time. Conditions I and III showed a higher value than condition II.
Changes in mechanical properties with annealing time are mainly related to the changes in volume fraction of retained austenite. TS and elongation increased with an increase in annealing time. This behavior accorded with the increase in volume fraction of retained austenite and with an increase in annealing time. It is well known that TSxU-El increases with an increase in volume fraction of retained austenite due to the TRIP effect.
23) The result of the elongation obtained in this experiment comes from the TRIP effect due to the higher volume fraction of retained austenite during the longer annealing time. The decrease in YS with annealing time in conditions I and III is brought about by a decrease in dislocation density through the annealing of martensite.
Discussion
Work Hardening Behavior
The relationship between TSxU-El, which is an index of the strength-elongation relationship, and the volume fraction of retained austenite is shown in Fig. 8 . Their relationship of conventional low Mn-TRIP steel is plotted in addition to the data obtained in this experiment. The steel, named TAM (TRIP Annealed Martensite), was referred in order to compare it with the result of this experiment, because TAM has the same microstructure as in this experiment, consisting of annealed martensite and film-like retained austenite existing at the annealed martensite lath. 24) The reason why TSxU-El, but not TSxT-El, was adopted as the index of the TS-El relationship is the different shape of the tensile specimen. TAM showed a maximum value of 15% of retained austenite and 15 000 MPa% of TSxU-El, while 5%Mn steel exhibited higher than 35% of retained austenite and higher than 30 000 MPa% of TSxU-El. This result means that an excellent TS-El relationship of 5%Mn steel can be obtained by the existence of a high volume fraction of retained austenite. However, a difference in the TSxU-El level among the hot rolling conditions was observed. That is, conditions I and III show a higher level than condition II. The difference of the TSxU-El level at the same volume fraction of retained austenite is thought to result from the difference of the stability of retained austenite.
The effect of hot rolling conditions I through III on the engineering stress-strain curves of 30 min intercritical annealed steels is shown in Fig. 9 . Serration related to localized deformation due to the TRIP effect was found in all steels. The most intensive serration was observed in condition II. The mechanical properties and volume fraction of retained austenite of these steels are listed in Table 3 . The n value was calculated for two kinds of strain range; one is 5%-15% and the other is 10%-20%. Hot rolling conditions I and III showed a high n value at the high strain range, while condition II was high as 0.36 and 0.37 in both strain ranges.
The work hardening behavior was also different between conditions I and III, and condition II. In order to analyze the work hardening behavior, changes in the work harden- ing rate, dσ/dε, and the instantaneous n value, n*, against the true strain is calculated and revealed in Figs. 10(a) and 10(b). The instantaneous n value (n*) was calculated according to Eq. (2).
As shown in Fig. 10(a) , conditions I and III exhibited a low dσ/dε in the low strain range and increased with the strain, while condition II showed a high dσ/dε from a low strain range and decreased gradually with an increase in strain. As shown in Fig. 10(b) , conditions I and III exhibited their peak value at a high strain range, while condition II showed peak n* value at a lower strain range. The behavior of dσ/dε and n* in conditions I and III is different from that in condition II. This difference means that the transformation behavior of retained austenite is different between them.
Stability of Retained Austenite with Strain
Since nearly same mechanical property and work hardening behavior were obtained in conditions I and III, the steel of condition I was selected as a representative. Accordingly the comparison between steels annealed for 30 min of conditions I and II were carried out. In order to investigate the transformation behavior with tensile strain, the volume fraction of retained austenite for pre-strained tensile specimen was measured by SR-XRD. The change in volume fraction of retained austenite compared with pre-strain is shown in Fig. 11 . The number indicated in parenthesis is the strain induced transformation factor, k, which is the index of the stability of retained austenite. A low k value means a high stability of retained austenite. 25, 26) The k value was calculated by the Eq. where fγ 0 is the initial volume fraction of the retained austenite, and fγε is the volume fraction of the retained austenite after applying plastic strain, ε. In order discuss about the stability of retained austenite with strain, k value shown in Eq. (4) was used.
The retained austenite decreases with tensile strain. But their dependence on strain is different in two kinds of hot rolling conditions I and II. Condition I showed a low k in a low strain range and shifted to a high k in a high strain range, while condition II showed a high k in a low strain range and shifted to a lower k in a high strain range. These results mean that retained austenite is the most stable in the low strain range of condition I and the most unstable in the low strain range of condition II. This behavior corresponded with the behavior of dσ/dε and n* shown in Fig. 10 . In order to discuss the stability of retained austenite, the martensite start temperature (Ms), which is known as the index of it, 27, 28) is calculated. Ms was calculated for the steels shown in Fig. 11 and is given in Table 4 . The Ms was calculated according to Eq. (5). 29) Cγ, Mnγ, Siγ and Alγ are C, Mn, Si and Al concentration in retained austenite. Cγ and Mnγ are used as the value Fig. 10 . Changes in (a) Work-hardening rate (dσ/dε) and true stress and (b) Instantaneous n value (n*) with true strain of intercritical annealed steel at 675°C for 30 min. measured by SR-XRD and Cs-STEM/EDX respectively. For convenience, the amounts of the added alloying elements were used for Siγ and Alγ.
Ms C C Mn
Si Al ( ) Condition I showed a lower Ms than condition II because of the higher content of austenite stabilizing elements C and Mn, which implies retained austenite in condition I is more stable than condition II. Higher C and Mn content in retained austenite in condition I is thought to be come from the different volume fraction. When the intercritical annealing time is same, diffusion and enrichment of C and Mn to retained austenite is same. Accordingly, the enrichment of austenite former elements is higher in smaller austenite volume fraction in condition I. The difference of the content of austenite stabilizing elements in the two conditions results in a difference of transformation behavior as measured against tensile strain through the difference of Ms. However, the Ms of condition II was higher than room temperature, which indicated the possibility of transformation during the cooling process from intercritical annealing. Ms decreases with a decrease in austenite grain size. The effect of the grain size of retained austenite is not considered in Eq. (5). It is reported that when the grain size of retained austenite is as small as the submicron level, the Ms temperature decreases more than 100°C. 30, 31) As the width of the retained austenite in this study was submicron size, the Ms of condition II is thought to be lower than room temperature.
Enrichment of Manganese in Retained Austenite
In order to confirm the enrichment of Mn in retained austenite, the measurement of Mn content was carried out by Cs-STM/EDX. The effect of hot rolling conditions I and II on the Mn mapping image and a points analysis of 30 min intercritical annealed steels are shown in Fig. 12 . As shown in the Mn mapping images, Mn is enriched in retained austenite. Condition I showed even enrichment, while Mn is locally enriched at the boundary of the α and γ interface in condition II. The average and standard deviation of conditions I and II were 9.9%, 7.5%, 0.33 and 0.31 respectively. These results clarified that condition I showed a higher and smaller scattered Mn content than condition II. Inoue et al. 30) discussed about the morphology of two types of retained austenite, although the Mn content in the retained austenite is not discussed. They reported that film like austenite is formed through the growth of the untransformed austenite, while island-type austenite was observed in the fully-quenched specimens. The morphology shown in Fig. 12 is resembled with the results of them. The lower Mn region in condition II shown in Fig. 12 must be formed by the growth of the existing austenite, while the higher Mn content in the retained austenite of condition I is possibly due to enhancement in nucleation of the austenite during intercritical annealing. Not only Mn content but also size of them must be affected by the different morphology of the two types of retained austenite. The difference in Mn distribution in retained austenite brought about the difference of transformation behavior. That is, the stable retained austenite in condition I brought about the high work hardening rate and n* to the high strain range in the tensile test, while condition II showed the martensite transformation at a low strain range due to the instability of retained austenite and brought about a low work hardening rate and n* in a low strain range. In addition, the retained austenite disperses finely in condition I. The refinement of retained austenite contributes to stabilize retained austenite through the decrease of Ms. 31, 32) From above mentioned discussion, the difference of work hardening behavior is brought about by the difference of enrichment of austenite former elements in retained austenite and grain size of retained austenite.
Conclusion
By using 0.2C-2Si-5Mn steel, the effect of the microstructure of the mother hot bands on the changes in mechanical properties and transformation behavior with intercritical annealing time and the mechanism for the excellent strength-elongation relationship of this steel were discussed and the following results were obtained.
(1) Excellent strength-elongation combination was obtained for the intercritically annealed steels within 30 to 100 min. The highest values were TS = 1 080 MPa, T-El = 41% and TSxT-El = 44 600 MPa·% for steels which did not contain retained austenite in their mother hot band and TS = 1 270 MPa, T-El = 35% and TSxT-El = 44 100 MPa·% for steels which contained about 10% of retained austenite in their mother hot band.
(2) The steels with a high Mn concentration in their retained austenite exhibited a TRIP effect in a high strain range, while the steels with a relatively low Mn concentration in retained austenite exhibited a TRIP effect in a low strain range. This result implies that the transformation behavior during deformation is determined by the stability of retained austenite which is affected by Mn concentration.
(3) Although the precipitation of cementite was intended to effectively act as a nucleus of reverted austenite formation and to accelerate its formation, this affirmative result was not obtained. Since the volume fraction of cementite in a short annealing time is nearly the same in all hot rolling conditions, the higher volume fraction in hot band did not act to increase retained austenite during intercritical annealing.
